A technique to create sealed three-dimensional nanochannel networks is developed using sequentially stacked thermal nanoimprint lithography on planarized self-supporting dielectric sealing material over polymer sacrificial layers. Void-free plasma enhanced chemical vapor deposited SiO 2 encloses and seals nanochannels that are formed upon the removal of the sacrificial polymer. Planarization of the SiO 2 surface allows the utilization of the vertical dimension to sequentially apply nanoimprint lithography for the formation of multiple-level nanochannel networks. Removal of the sacrificial polymer is performed with a high-power and high-pressure O 2 plasma. Wet chemical processes using common solvents are found to be ineffective in removing the sacrificial polymer. Two level nanochannels with cross-sectional dimensions of 300 nmϫ 200 nm and lengths of 65 m that are aligned offset from one another and aligned on top of one another are demonstrated.
I. INTRODUCTION
There is great interest in the fabrication of sealed nanochannels for fundamental studies in biochemistry on the nanoscale. Applications include single cell analysis, DNA stretching, nanoscale fluidic transport, and single molecule manipulation. In this paper, a technique to create sealed three-dimensional nanochannels is developed using sequentially stacked thermal nanoimprint lithography [1] [2] [3] ͑NIL͒ on planarized self-supporting dielectric sealing material deposited over polymer sacrificial layers.
A number of techniques used to develop nanochannels currently exist. Several methods used to date include wafer bonding to nanoscale templates, 4 deposition of sealing material over sacrificial layers, [5] [6] [7] reversal imprinting of polymers onto patterned substrates, 8, 9 sealing of trenches using polydimethylsiloxane, 10 imprinting of channel templates onto thin polymer films, 11 nonuniform film deposition and shadow sputtering. 12 Sacrificial layers used in the past to create nanochannels employ a host of materials, including polysilicon, polycarbonate, and polynorbornene.
In this work, nanochannels are built up in the vertical dimension by planarizing plasma enhanced chemical vapor deposition ͑PECVD͒ SiO 2 deposited on polymer photoresist ͑SC1813͒, which is patterned using NIL and used as a sacrificial layer, to create three-dimensional sealed nanochannels on Si. The channels are cleared using a high power and high pressure O 2 plasma. The advantage of using SC1813 is that it can be imprinted using thermal NIL, its solvents do not react with SiO 2 or Si, and its lack of optical transparency allows for optical monitoring of the etch progress of the O 2 plasma used to clear the channels of sacrificial resist. The use of SiO 2 as the capping layer allows for the use fluorescence detection schemes in nanofluidic applications. By vertically building up channels in this manner, dense networks for fluidic transport that fully utilize all three spatial dimensions are envisioned.
II. EXPERIMENT
The fabrication details are shown in Fig. 1 . Shipley photoresist, SC1813, diluted with propylene glycol monomethyl ether acetate ͑PGMEA͒, in a PGMEA to SC1813 weight percent of 57.7%, is first spin-coated onto a Si wafer primed with hexamethyldisilazane ͑HMDS͒ adhesion promoter. The diluted photoresist provides a film thickness of 310 nm when spin-coating at 2200 rpm for 50 s. Residual solvent and mechanical stress in the film are reduced with a subsequent soft-bake on a hotplate at 160°C for 10 min.
The polymer film is patterned into channels using thermal NIL, wherein the mold consists of grating relief structures in Si. The resulting polymer gratings serve as a sacrificial layer for the formation of the nanochannels. The Si mold consists of 700 nm pitch 1:1 duty cycle gratings. The depth of the relief structures is 350 nm. The mold surface is treated with 1H,1H,2H,2H-perfluoro-decyl-trichloro-silane ͑FDTS͒ in order to lower the surface energy of the mold and facilitate mold release after imprinting. Imprinting of the photoresist is performed at 160°C and 8 MPa for 10 min, where the imprinting temperature is set above the glass transition temperature ͑T G ͒ of the polymer photoresist ͑T G = 118°͒. Following the imprint step, the mold is released when the temperature is below T G . An O 2 reactive ion etch ͑RIE͒ is used to remove the resulting residual layer, thereby isolating each of the channels.
Once the sacrificial polymer structures are in place, a SiO 2 capping layer is deposited on the channels via PECVD. The deposition thickness is chosen such that the resulting film provides vertical and horizontal isolation between the channels and also facilitates planarization of the top surface. Since the SiO 2 is deposited on the patterned polymer, its top surface is nonplanar. Therefore, an additional layer of To build up the structure in the vertical dimension, a new layer of diluted SC1813 is spin-coated on the planarized SiO 2 capping layer and is imprinted using thermal NIL. The structure does not collapse during the second imprint step because the SiO 2 and the SC1813 are self-supporting. Stacking of self-supporting, multiple layers of channels have been observed for the maximum imprint pressure of 8 MPa and for various geometries. A second SiO 2 capping layer is deposited on the structure and planarized using the same procedure employed in the first level of channels. It is expected that this sequence can be repeated to form multiple levels of channels. To clear the channels of sacrificial resist, the entire structure is exposed to a high-pressure and high-power O 2 plasma. The use of an O 2 plasma to clear the channels simultaneously produces channels that are hydrophilic. Inspection of the completed channels is performed using a scanning electron microscope ͑SEM͒.
III. RESULTS AND DISCUSSION

A. Void-free SiO 2 capping layers
A scanning electron micrograph of gratings composed of SC1813 photoresist imprinted on Si is shown in Fig. 2 with the residual layer removed. These gratings form sacrificial structures for the formation of the nanochannels. The width of a polymer grating element is 310 nm and the height is 220 nm. The region between each polymer structure is cleared of residual photoresist via an O 2 plasma RIE. Using 12 sccm O 2 at a chamber pressure of 5 mTorr and 50 W of rf power requires an etch time of 5 min 20 s for an initial residual layer thickness of 90 nm. The resulting etch rate of the residual layer using this O 2 plasma is 17 nm/ min. It is critical to remove all of the residual photoresist so that the channels are isolated. As shown in Fig. 2 , there is some rounding of the photoresist gratings due to the O 2 plasma etch of the residual layer. The residual layer removal also reduces the duty cycle of the grating from 50% to 44%. Since the imprint height is only 220 nm, the region between the mold relief structures are only partially filled during the thermal imprinting step.
Deposition of the SiO 2 capping layer on the grating imprints forms the channel structure. Void-free PECVD SiO 2 is deposited at 200°C. A deposition thickness of 780 nm is sufficient for vertical isolation between channels and also facilitates planarization. For thicknesses Ͻ780 nm, the step height at the surface is found to be too large to be planarized. From a control standpoint, it is desirable to deposit void-free SiO 2 so that the only source of channels in the structure is the polymer gratings. The presence of voids is found to strongly depend on the deposition pressure. Figure 3͑a͒ shows the presence of voids in the deposited film when the deposition pressure is 1 Torr. The cross-sectional area of the voids is found to decrease as the deposition pressure is raised. Figure 3͑b͒ shows void-free SiO 2 deposited on the grating imprints for a deposition pressure of 9.5 Torr. The gas flow rate ratios are 10% SiH 4 , 60% N 2 O, and 30% He. The rf power is 300 W at 13.56 MHz and 20 W at 400 kHz. After 468 s, the deposition thickness is found to be 784 nm for a deposition rate of 101 nm/ min.
It is interesting to note that the deposition temperature of 200°C is well above the glass-transition temperature of the polymer. It is likely that the time scale for the film deposition on the grating structure is shorter than the time scale required for the polymer to reflow in the lateral direction. The preservation of the grating structures after film deposition at 200°C is verified by etching the SiO 2 with a wet chemical etch and then inspecting the grating cross section with an SEM. SiO 2 capping layers can also be formed using sputter deposition. Argon based chamber pressure in the range from 1 to 7 mTorr are found to produce voids, with an increase in the void cross-sectional area corresponding to higher pressures. This behavior is consistent with the reduction of the mean free path of the sputtered material with increasing pressure. In order to deposit void-free capping layers, it is found that a chamber pressure of 0.5 mTorr is required for an rf power of 700 W and self-bias of −56 V. The deposition rate is found to be 18 nm/ min.
B. Oxide planarization
To utilize the vertical dimension to develop threedimensional structures using NIL, the top surface of the capping layer is required to be planarized. Deposition of the capping layer on the grating imprint produces a nonplanar top surface since the regions between the gratings fill in as the regions on top of the gratings are capped. As shown in Fig. 4͑a͒ , the SiO 2 surface exhibits a step height of 220 nm. In order to planarize the top surface, a second layer of SC1813 is spin-coated on the SiO 2 capping layer with a thickness that planarizes the top surface. A 1.6 m photoresist layer spin-coated onto the nonplanar SiO 2 capping layer is shown in Fig. 4͑a͒ . Due to the viscosity of the photoresist, the top surface of the photoresist is planar. After spin-coating the photoresist on the SiO 2 capping layer, the sample is softbaked on a hotplate at 105°C for 1 min in order to remove the residual solvent. The SiO 2 layer is planarized by conducting an etch-back using an O 2 plasma followed by a CF 4 plasma. Initially, an O 2 plasma is used to etch 85% of the photoresist. Using 12 sccm O 2 , 5 mTorr pressure, and 50 W rf power, the etch rate of the photoresist is 40 nm/ min. Near the region of the photoresist/SiO 2 boundary, the O 2 plasma is switched to a CF 4 plasma. Using 12 sccm CF 4 , 10 mTorr pressure, and 50 W rf power, the SiO 2 etch rate is found to be 8 nm/ min for the CF 4 etch. The corresponding etch rate for the photoresist differs by 1%. The resulting planarized SiO 2 surface is shown in Fig. 4͑b͒ . The step height is reduced from 220 to 35 nm with much improved surface planarization.
C. Clearing of channels
To clear the channels of sacrificial resist, the entire structure is exposed to a high-pressure and high-power O 2 plasma. Access to the nanochannels can be achieved by cleaving the sample or by patterning the SiO 2 capping layers with a single mask photolithography step. As illustrated in Fig. 5͑a͒ , since the SiO 2 capping layer is transparent in the visible, optical inspection provides a means to monitor the etch progress into the channels. Etching the sacrificial resist with a high-pressure plasma scatters reactive-species laterally into the channels. Using 100 sccm O 2 , 100 mTorr pressure, and 250 W rf power, the initial etch rate into the chan- nels is found to be 200 nm/ min. An increase in the pressure from 100 to 300 mTorr improves the initial etch rate to 320 nm/ min. The etch distance into the channels versus time is shown in Fig. 5͑b͒ for a plasma with 100 sccm O 2 , 300 mTorr pressure, and 200 W rf power. The initial etch rate is found to be 160 nm/ min. For etch times between 2 and 6 h, the etch rate slows to 60 nm/ min. After etching 40 m into the channels, the etch rate begins to noticeably decrease with distance into the channels. The etch rate is limited by the diffusion of atomic oxygen laterally into the channels. Likewise, the etch products are harder to be released from the channels, resulting in slower etch rates. The etch rate of the photoresist can be increased substantially by increasing the lateral diffusion of the etch species at higher plasma pressure. To compare dry and wet etch chemistries, wet etch processes using common solvents such as acetone and PRS 2000 are conducted. Under static immersion, the wet etch processes are found to be ineffective. Even after 16 h of wet etch processing at room temperature without agitation, a negligible amount of etching into the channels is observed. It is expected that the surface tension of the solvents in the liquid state ͑acetone surface tension = 23.7 mN/ m, PRS 2000 surface tension= 38.2 mN/ m͒ prevents adequate penetration into the nanochannels. Use of an O 2 plasma to clear the channels simultaneously produces channels that are hydrophilic. Fluid flow into these narrow channels has been observed once the sacrificial polymer is thoroughly etched.
D. Sequentially stacked imprints
To build up the structure in the vertical dimension, a new layer of SC1813 is spin-coated and imprinted using thermal NIL and a second SiO 2 capping layer is deposited and planarized, prior to clearing out the channels. Figures 6͑a͒ and 6͑b͒ are scanning electron micrographs of two-level nanochannels with alignment schemes that are offset from one another and aligned from top to bottom, respectively. The structure does not collapse during the second imprint step because the SiO 2 and the SC1813 are self-supporting. Comparing the single level channels shown in Fig. 4͑b͒ to the two-level channels shown in Figs. 6͑a͒ and 6͑b͒, it is clear that the lower level channels with sacrificial photoresist in place are able to sustain their shape during the imprinting of the upper level channels. Some rounding and flattening of the channels can be observed compared with the initial grating imprint shown in Fig. 2 . Comparing the single level channels with the two-level channels, however, it is believed that the rounding and flattening is mainly due to the RIE residual layer removal step and the PECVD of SiO 2 at temperatures well above the glass-transition temperature. Voidfree films appear to exaggerate this effect, which suggests that internal stresses in the film may be playing a role. The irregularities in the upper level channels shown in Fig. 6͑a͒ are due to the remaining step height of 35 nm in the first level capping layer after the etch back step to planarize the SiO 2 surface. When the top layer of channels is aligned with the bottom layer of channels, no irregularity in the channel shape is observed since these channels lie on the fully planarized portion of the initial capping layer. It is expected that this sequence of sequential stacking can be repeated several times in order to develop channels with multiple layers.
IV. SUMMARY
A technique to create sealed three-dimensional nanochannel networks is developed. Planarization of PECVD SiO 2 capping layers deposited over polymer sacrificial gratings using an O 2 and CF 4 plasma etch back allows for sequential stacking of nanochannel layers using thermal NIL. Pressure control during the deposition of PECVD SiO 2 prevents the formation of voids between the nanochannels. A highpressure and high-power O 2 plasma is used to clear the channels of the sacrificial polymer. The etch rate into the channels is found to depend on the etch distance into the channels. Etch chemistries based on wet chemical processes are found to be ineffective in their clearing. Utilization of the vertical dimension is used to develop two-level nanochannels that are aligned offset from one another and aligned on top of one another. This technique is applicable to fundamental studies in the emergent field of bionanotechnology where dense networks for fluidic transport are envisioned that fully utilize all three spatial dimensions.
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